In the last years several studies have investigated carbon capture and storage (CCS) from a life cycle perspective focusing on the environmental performance. Scope of this study is to compare systematically the different approaches, to summarise the results, address methodological variations and formulate guidelines to assign the various conclusions gathered from the studies. CCS is a wide field with various technological options. All studies show the expected reduction in GWP but often an increase in other impact categories, regardless of capture technology and fuel considered. Three parameter sets have been identified, which have a significant impact on the results: a) development of plant efficiencies and energy penalties; b) capture efficiency and purity of the CO 2 ; c) fuel origin and composition. Although there are still big differences in the underlying assumptions of the studies and also some methodological shortcomings, Life Cycle Assessment (LCA) has proved to be a helpful tool to investigate the environmental consequences related to the introduction of CCS. Nevertheless, the number of existing studies is not sufficient to give a comprehensive picture and there is still a wide field of subjects and technologies which have not been covered yet.
Introduction
Carbon capture and storage (CCS) is gaining importance as one option to reduce CO 2 emissions to protect our climate. Capturing CO 2 reduces direct emissions from the power plant but upstream emissions from additional fuel and material supplies and downstream emissions from waste disposal and waste water treatment are usually not captured. A life cycle approach provides a comprehensive evaluation of all environmental effects of the new technology. In recent years, several studies have used Life Cycle Assessment (LCA) as a tool to address the full environmental consequences of applying CCS to power plants. Although they consider the same CCS technologies, the comparability of the study results appears questionable. This study systematically compares 15 different LCA approaches applied to CCS power plants, to evaluate variations in scope, methodology and outcomes and to indicate what the focus of further studies in this area should be (full report see [1] ). Nine studies have a European focus, three consider the US situation, one looks at the Japanese situation and two have a global approach.
Systematic comparison of the selected studies
A comparison of competing energy technologies requires a thorough understanding of each system and its boundaries. The use o f the same assumptions regarding system boundaries and generic data is essential. Additionally, the wide range of approved performance possibilities and methodological shortcomings of LCA make a close investigation of the studies and their comparability necessary.
Technology driven differentiation
Some studies compare di fferent CCS technologies with one another, others concentrate on one specific CCS technology and/or compare CCS routes against alternatives such as renewable energy production.
Capture technology
The three technology routes, post-combustion, oxyfuel and pre-combustion constitute the fi rst differentiation criteria of the studies. Mono-ethanolamine (MEA) scrubbing is always the technology of choice. Only three studies investigate other post -combustion technologies [2, 3] and other solvents [4] as well. The oxyfuel process route is described only in three studies [5 -7] . The IGCC/NGCC technology with integrated pre-combustion technology is the objective of 8 studies [3, 5 -11] (Table 1) . Fuel type is a second major differentiation. Hard coal is considered in 11 studies emphasising the fact, that CO 2 capture is most valuable for this fuel. In four studies, which look at the German electricity production [5 -7, 12] , lignite is considered. Natural gas is an important fuel and is considered in 8 studies [3, 5, 7, 9-11, 13, 14] (Table 1) .
No common understanding of future efficiency development fo r commercial power production or energy penalties due to capture is apparent. Often detailed technical assumptions e.g. technological representation or emission reduction efficiencies are unclear. In Figure 1 the range of net efficiencies and energy penalties used in the studies are presented. Hard coal post-combustion efficiency values range between 29.6 % [12] and 42 % [5] . For the pre-combustion route the difference between the lowest (32 %) [11] and the highest efficiency (48 %) [5] is even higher. The differences originate from different assumptions on time horizons and technological progress. The study with the furthest time horizon 2050 [5] uses the highest net efficiencies. For the oxyfuel process a high share of energy is needed for the oxygen production. The specific demand is still very unclear, figures range from 160 kWh/tO 2 [15] up to 320 kWh/tO 2 [6] . In general, energy penalties for pre-combustion processes are the lowest and for postcombustion the highest. The energy penalty of lignite fuelled post combustion power plants differs most widely (7 % -18.2 %) due to different technology assumptions. The capture technology can be retrofitted to an existing power plant leading to higher energy penalties or be integrated into an optimised greenfield power plant, as explicitly analysed in [12] .
Transport and storage
Several studies [2, 4 -7, 12, 13, 16] investigate technologies for CO 2 transport and sequestration. The estimated share of transportation and storage on the environmental impacts sometimes varies one order of magnitude. While the studies [4, 6, 13] calculate a share of transport and storage on the total GWP of less than 1 %, the studies [5, 7, 12, 16] determine between 3 % and 10 %, depending on the choices of system and fuel.
LCA methodology dri ven differentiation
Although a standard defines the procedure of an LCA [18] , the margin of flexibility in how to perform an LCA is still wide. Some choices will have a high impact on the overall results.
Functional unit
For an electricity production process the functional unit typically is 1 kWh of net electricity produced. Looking at CCS a second product created in power plants is CO 2 . It is typically regarded as a waste product which has to be stored. C O 2 is produced in different purities and pressures by the different capture systems. These different characteristics of CO 2 have an impact on energy penalty and therewith on emissions produced. Hardly any information about the purity of CO 2 produced is available. This should be kept in mind when comparing apparently equal systems.
Time horizon
The time horizon has an impact on the future technical parameters which are selected for CCS but also for competing technologies. Almost all studies consider present and future power plant and CCS systems up to the year 2020. Only IEA [9] and NEEDS [5] extrapolate the power plants until 2030 and even 2050. In many studies which consider future systems, the first -order processes (representing the main production processes) are extrapolated into the future. Second and third order processes (background systems) are seldom adjusted in the same way.
Another point of interest is the modification of coal imports in time due to shifts in supply and demand. Two studies [12, 14] consider a change in coal supply. They show, that different coal deposits, exploration requirements and associated routes of coal transport change the environmental impacts of the coal supply chain considerably.
The choice of time horizon also plays an important role in evaluating the storage process and especially possible leakage. In LCAs long-term emissions are implicitly cut off. Comparison between short and long-term emissions is thus an open question in LCA methodology and especially relevant for CCS but is not covered in the selected studies. It is not clear, how far the long-term CO 2 emissions from possible storage leakage will have a negative environmental effect in the distant future. Forecasts about climate conditions, CO 2 buffer action of o cean and biosphere cannot be made with any certainty. Only two studies [2, 7] consider leakage rates in a sensitivity analysis, to get an idea of the impact. However it seems necessary to find an agreement on a harmonized leakage model.
Spatial representation
In the CCS chain especially the storage sites are highly site specific. However, in those studies where storage is included, no site specific information beside CO 2 transport distances is used to describe the process. Additionally, many products of second order processes are very site specific, such as the fuels or electricity mix.
The different environmental impacts contribute on global (climate change, stratospheric ozone depletion), regional or even local scales (acidification, eutrophication). Related to the geographical location the impacts for regionally or locally scaled emissions can vary widely, depending on the ecosystem sensitivity. Although there are some approaches for including regionally different environmental impacts under discussion [19, 20] no study uses site or region dependent impact factors. A first point to consider regional references is the normalisation step, where each effect is benchmarked against the known total effect for this class of a specific region. Those studies [12, 13, 21] which include the normalisation step in their analysis use the same approach of CML 2001 [22] but country specific data to set the relation.
Upstream and downstream processes
For conventional power systems it has often been proved, that construction and dismantling of power plants can be neglected [6, 21] . A share of less than 0.2 % on the total GWP is connected to those life cycle phases. The inclusion of CCS technology increases the values. The studies differ in their estimation of the proportions between 0.34 % for a hard coal based IGCC [10] and 4.9 % for a lignite fuelled oxyfuel system [5] .
The analysis of the studies clearly shows the significant influence of the upstream and downstream processes on the overall emissions and their impacts. For power plants with CCS it is in general higher than for power plants without CCS. For the different impact categories the share can vary considerably. The share regarding GWP increases from about 10 % up to 50-60 % for the power plants without and with post -combustion capture. In the cases o f a NGCC and a power plant fired by lignite the share of the upstream and downstream processes are markedly smaller and amount to only 30 % and 20 % for the CCS plants, respectively. The reason for that is the higher influence of hard coal supply chain on the score of GWP in comparison to the natural gas and lignite supply chain. 
Impact categories
For the comparison, only those categories were chosen for which a sufficient number of studies use the same impact indicator. The categories are: Global Warming Potential GWP, Acidification Potential AP, Eutrophication Potential EP, Photochemical Oxidation Potential POCP, and Cumulated Energy Demand CED.
One impact category which is significantly affected by CCS technology is Human Toxicity Potential HTP. Those studies which include this category often show an increase from nearly 200 % for systems with CCS. Unfortunately, HTP is one of the impact categories which still needs much research for consolidation of exposure pathways of emissions. However, normalisation shows that HTP for conventional power production systems is quite low even if there is a dramatic increase. Other effects typically connected with CO 2 storage are the displacement of reservoir fl uid and the effect of seepage on the marine sediment which are not covered in conventional LCA impact categories yet.
Operational Valuation/weighting methods
Not only the weighting factors, but also the choice of valuation methodology, and the choice of using a valuation method at all, are influenced by fundamental ethical and ideological valuations. Since there is no consensus on these fundamental values, there is no consensus either on weighting factors, or on valuation methods. If no valuation method is used at all, comparisons are made category by category. Only three studies use models to weight and aggregate the results to a single score [2, 5, 13] . Khoo [2] has chosen two (EDIP, Eco-indicator `99) and Modal [13] three (IMPACT 2002+, EDIP, EPS 2000) different aggregation methods to see the robustness of the results.
CCS technologies and their impacts
The CCS technologies are compared considering different capture techniques and types of fuel. Therefore, the absolute impact equivalents of each fuel and technology are presented in the first diagram of a figure. The following graphs always show the relative difference due to CO 2 capture. As discussed before, a presentation of relative changes in one diagram without further reflection might overvalue impact categories with big changes but small contribution to the total environment. Therefore, a yearly contribution to a specific region is given for reference (normalisation step). As the different studies cover different regions the world average values from CML 2001 are chosen as values for the reference system ( Table 2 ). Using the electricity generation figures for the different energy sources from 2000 (hard coal: 5296 TWh, lignite: 693 TWh, natural gas: 2676 TWh) [23] a total production by CCS technology is assumed. For all analysis the technologies with the lowest and the highest values are taken to analyse the effect of the best and worst performance. Hence, in each figure (2 -4) the relative importance of the various impact categories is revealed.
Hard coal and lignite
The absolute GWP of the pulverised hard coal combustion technology without capture varies from 765 g CO 2 -eq./kWh to 1092 g CO 2 -eq./kWh, depending on the estimated efficiency and the coal used ( figure 2a, left) . The acidification potential values are much more scattered. Koornneef [21] assumes a very high value (2.76 g SO 2 -eq./kWh) for his "old" average PC plant from 2000, while the lowest value is 0.39 g SO 2 -eq./kWh [17] . EP, POCP and CED do not vary much.
The normalisation shows, that power generation has a considerable (13.2 %) share of the total world GWP assuming low performance plants. If best available technology (BAT) were used world wide this drops to 10 %. The share of the worlds AP using only worst case technologies is 3.5 % while BAT reduces this to about 1 %. The effects on the EP and POCP are smaller. The LCA results for hard coal power generation systems with CCS clearly indicate a substantial reduction in GWP ( figure 2b, left) . However, the LCAs show an increase in all the other impact categories (AP, EP, POCP and CED) for post-combustion. The share in the world AP increases from 3.5 % to 5.3 % for the worst case scenario. Thus rises in AP may detract significantly from reductions in GWP. In several LCAs EP and POCP increase up to 100 % and beyond in comparison with the power plants without CCS. But, the normalisation figures show shares of 2 % or less for technologies with high EP and POCP and are negligible for best technologies. The impact assessments of the two studies analysing hard coal oxyfuel power plants do not show consistent results, except for GWP. The values for AP and EP lie between minus 16 % and plus 40 % and minus 9 % and plus 40 %, respectively, for POCP between 23 % and 54 %. This implies that no general conclusions can yet be drawn from the environmental assessment of oxyfuel power plants. The GWP for a lignite fired plant without CCS (figure 2a, right) is slightly higher compared to hard coal. The AP varies between 0.66 and 1.59 g SO 2 -eq/kWh, due to local mining without need for long distance transport systems and associ ated NO x and SO 2 emissions. The share of world power generation from lignite is small, and thus the contribution to total world impact is much smaller than for hard coal. For GWP it is maximum 1.5 % without CCS and all other categories are negligible. For the capture systems GWP is substantially decreasing while AP, EP, POCP and CED are increasing for post -combustion, rising up to 200 % for EP. One LCA [7] observes an increase for POCP up to 530 % compared to the power plants without CCS, due to the production of mono-ethanolamine during the capture process and a very low value for the reference plant. But the share of the world wide POCP rises from only 0.01 % to 0.1 %. For the lignite oxyfuel system all other categories decrease, except CED which increases due to the energy penalty. The two LCAs for oxyfuel demonstrate values for AP (-15 % up to -80%) and EP (-30 up to -80%). The obvious decrease of AP and EP compared to hard coal is again related to the absence of considerable transport distances. Nevertheless, the same statement as for hard coal holds, that two studies are not sufficient to draw any conclusions. If the fraction of lignite fuelled power production remains small the impacts will stay negligible.
The absolute figures for the IGCC system are in the same range as for the other studies and all impact categories beside GWP increase, 60 % at most (Figure 3 ). IGCC with CCS shows the same tendency as post-combustion technology, but on a lower level. Although all studies consider different solvents, the increase of AP, EP, POCP and CED in general is smaller than 50 % and remains rather low compared to the world wide EP and POCP. The share of AP increases from 1.7 % to a maximum of 2.4 %. Only Doctor [8] shows a decrease in AP. 
Natural Gas
For natural gas mostly post-combustion systems are investigated. Partly because of their high efficiency the GWP of natural gas fired power plants is much lower. While the power generation amounts to about half of the hard coal fuelled plants their share of the total GWP is less than a quarter (3.2 %, worst case). With CCS it comes down to 1.6 %. Again no coherent picture concerning the other impact categories emerges (figure 4) due to no common understanding of future technology parameters. The increase for AP, EP, POCP and CED is in the range between 15 % and 50 %, except for one study [13] . All normalised impacts are well below 1 % of the world total. In summary for all fu el types and capture systems only GWP is a robust impact parameter for comparison of LCAs one with the other. For a reliable statement about their environmental impacts the number of studies for oxyfuel power plants, IGCC based on lignite and NGCC is too small.
Conclusions
It is difficult to obtain conclusive information about the environmental impacts of CCS technologies by comparing the studies. Also, it is impossible to describe all the underlying assumptions and data in a paper which would be necessary to understand all consequences of choices made. Though several studies exist, the technology fi eld of CCS is so broad that as yet only some facets are covered. Nevertheless, with these few studies the sensitive parameters can already be identified:
Efficiency and energy penalty
Efficiency and the energy penalty associated with the capture process and their development over time are very important parameters. The studies show no common understanding about how future technologies might look with or even without CCS. The effici ency varies from 37 % to 54 % for a hard coal system without CCS. The range in efficiencies of a lignite system and a natural gas system without CCS are 11 %points and 12 %points, respectively. Energy penalty ranges from 5 %points to 18 %points can be found looking across all capture technologies.
Fuel
The studies outcomes are most sensitive to the fuel type, origin and composition. Without all background data it is not possible to answer, which part of the result is related to the technology and which is related to the fuel composition. For comparison of technologies the use of an identical fuel composition would be helpful but is unrealistic. It would thus be helpful always to present the underlying coal parameters.
Summary and Outlook
Although several studies have been performed in the last years, there is still not sufficient data to draw robust conclusions. The wide range of possible capture and storage technologies makes it difficult to perform a sufficient number of comparable studies. Especially for the oxyfuel process, but also for the pre-combustion route, the number of investigations must be increased substantially. There are some aspects where an advanced common understanding is necessary to draw a clearer picture. First of all it must be clear whi ch type of technologies should be included into the technology comparison. New, second generation, technologies, such as chilled ammonia, membranes or others, should be covered also. However widening the portfolio of technologies to investigate will cause a great demand for new studies. To guarantee the comparability of the studies, it is helpful to have a set of benchmark information about technologies. A common understanding about efficiency and energy penalty now and in the future is one key parameter set needing better agreement. It would be helpful to present the underlying coal parameters, such as composition, heating value and transport distances.
There are some open methodological questions which will have to be solved including a) agreement on a more realistic leakage model, b) different CO 2 qualities captured by different techniques, c) agreement about impact categories and their consideration in an appropriate regional context and d) a fair comparison of CCS with other GHG emission mitigation measures, particularly renewable energies, considering the different availability of 1 kWh of electricity produced by conventional and renewable energies.
